Background: Protein protein recognition is fundamental to most biological processes. The information we have so far on the interfaces between proteins comes largely from several protease-inhibitor and antigen-antibody complexes. Bamase, a bacterial ribonuclease, and barstar, its natural inhibitor, form a tight complex which provides a good model for the study and design of protein-protein non-covalent interactions. Results: Here we report the structure of a complex between bamase and a fully functional mutant of barstar determined by X-ray analysis. Barstar is composed of three parallel cz-helices stacked against a three-stranded parallel [3-sheet, and sterically blocks the active site of the enzyme with an cz-helix and adjacent loop. The buried surface in the interface between the two molecules totals 1630g, 2. The bamase-barstar complex is predominantly stabilized by charge interactions invoMng positive charges in the active site of the enzyme. Asp39 of barstar binds to the phosphate-binding site of barnase, mimicking enzyme~substrate interactions.
Introduction
Barnase and ribonuclease T1 are leading members of a family of microbial ribonucleases, sharing a similar fold [1] , and are used as model systems for studying folding and stability of proteins [24] as well as specificity and catalytic activity of enzymes ]5 -7] . A specific inhibitor of barnase, barstar, is produced intracellularly by Bacillus arnyloliquefacierls to protect the organism from the lethal effects of its own barnase synthesis [8] . The inhibition involves the formation of a tight one-to-one non-covalent complex [9] . Together these proteins have ideal characteristics for studies on protein-protein recognition [10] . They are small proteins, have been cloned and overexpressed in EschericMa coli [ 11] and are very stable both separately and as a complex.
Barnase is a single chain protein with 110 amino acids and no disulphide bridges. Its three-dimensional stmcnare is known at high resolution from X ray crystallographic studies on the free enzyme [12] and com plexes with nucleotides d(GpC) [13] and 3'GMP [14] . The structure in solution has also been determined from NMR studies [15] . Bamase is an c~+ [3 protein with three amino-terminal cz-helices and a carboxy-terminal five-stranded antiparallel 13 sheet supporting the active site. Comparison with other microbial ribonucleases [1, 16] and site-directed mutagenesis experiments ]5,17] indicate that residues Lys27, Glu73, Arg83, Arg87 and His102 are involved in catalysis. Residues 56~2 form the RNA base recognition loop with a specificity for guanine nucleotides. Two of the residues, Asn58 and Olu60, are conserved in the microbial ribonuclease family, except in ribonucleases Ms and U2 where the asparagine is replaced by an aspartic acid.
Barstar is a small single chain protein (89 residues) with no non-peptide components. There are two cysteines in its sequence at positions 40 and 82. The exD tence of free sulphydryl groups has been demonstrated in some preparations, and mutagenesis has shown that the presence of a disulphide bond is not necessary for its inhibitory activity. For example, the dissociation constant for a complex between a mutant of barstar in which both Cys40 and Cys82 are replaced with alanine (Cys40,82Ala) and barnase is only increased by about a factor of three compared with wild type. Protein engineering has recently been used to map residues of barnase and barstar involved in the recognition site [18, 19] and showed that the barnase active site residues and Asp35 and Asp39 in barstar are crucial for recognition. The dissociation coefficient of the complex has been estimated to be of the order of 10-14M [18--20] .
X-ray structures of several protease-inhibitor and antigen-antibody complexes, and, more recently, strucnares of other protein-protein complexes [21, 22] have provided details of the interactions that govern protein-protein recognition. The common features of these complexes have been analyzed by 'Janin and Chothia [23] . We report here the 2.6 & resolution X ray structure of the complex of barnase with the barstar double mutant Cys40,82Ala. This gives the first description of the barstar fold and structural details of its interaction with barnase. Characteristics of the interface, *Corresponding author. tPresent address: Department of Chemistry, University of Glasgow, Glasgow G12 8QQ, UK. mode of inhibition of the ribonuclease activity, and possible implications for other ribonuclease-inhibitor complexes with biological action or physiological roles are also discussed.
Results

Structure solution and refinement
Barnase, barstar and mutants of barstar were over expressed and purified as described in Materials and methods. Crystals of the complex of bamase with native barstar grow as aggregates, and mechanically isolated monocrystals have a high mosaicity. The crystallographic study was therefore carried out with a barstar double mutant Cys40,82Ala which produces monocrystals. The space group is monoclinic, C2, with unit cell parameters a=205.36&, b=44.44A, c=84.25A, [3 = 110.52 °, with three complexes per asymmetric unit. Table 1 summarizes the crystallographic analysis. The molecular replacement method, with the known barnase structure as a model [12] , was used to locate the three enzyme molecules, which are related by improper non-crystallographic symmetry. A 2.8 ~ resolution map calculated at this stage was uninterpretable. Phase refinement by non-crystallographic symmetry averaging [24] led to the chain tracing of barstar, with only half of the structure contributing to the initial phasing, and without any information from isomorphous derivatives. Crystallographic refinement was done with X-PLOR [25] using conventional positional refinement and simulated annealing at a resolution of 2.6~_. Non-crystallographic symmetry restraints were removed during the later stages of the refinement and the three molecules of the complexes were refined independently. The final model, consisting of three complexes of barnase with barstar, comprises 4788 nonhydrogen atoms and 201 water molecules. The refinement converged at an R-factor of 16.5 % for 20 521 reflections with F > 2tifF) between 8.0& and 2.6& resolw tion with an acceptable stereochemistry. The root mean square (rms) deviation from ideal geometry is 0.017g. for bond lengths and 3.2 ° for bond angles. The results and discussion are based on the best defined molecule of the complex in the asymmetric unit.
The barstar fold
In the crystal structure of the complex, barstar is present as a compact molecule, forming an 5/[3 do main with overall dimensions 28 x 22 x 22/k3. Barstar is composed of three parallel 5-helices stacked against a three-stranded parallel [3 sheet (Figs 1 and 2) . A fourth, poorly defined two-turn helix connects the central strand of the 13-sheet and the third helix of the bundle. We have found no sequence similarity with other proteins, and the chain folding topology of the present structure has no apparent homology with any previously reported 5/13 proteins. The structure of the histidine-containing phosphocarrier protein (HPr) of Bacillus subtilis [26] , which forms a classical open [28] , show that these secondary structural elements interact tightly with one another. The corresponding value for the last helix, 53, which is shorter and less well defined in the electron density, is nevertheless equal to 21%, and thus makes a significant contribution to the compactness of the molecule.
The barnase-barstar interface
The active site of barnase forms a large depression on the side of the 13-sheet opposite to that stacked against the main 5-helix (residues 6-18) of the strucBarnase-barstar complex crystal structure Guillet et a/. 167 ture. Barstar fits nicely into this cavity using the exposed side of helix e~2 and the loop connecting helix al to ~2 (Fig. 3) . Barstar residues involved in the recognition site are all located on a continuous polypeptide fragment (residues 29-46) with the exceptions of Va173 and Glu76. The barnase residues implicated in the protein-protein interface are mostly in the active site and the recognition loop of the enzyme [1], but there are also a number of contacts involving Ala37 and Ser38 at the amino terminus of the chain. Twenty-nine residues (14 from bamase and 15 from barstar) make contacts across the interface with inter-atomic distances of <3.9~ ( Table 2) .
As a result of complex formation, some of the surface area is buried in the interface between the ribonuclease and its inhibitor. The accessible surface areas of bamase and barstar in isolation are 6103A 2 and 5166~ 2, respectively. In the complex, 1630~ 2 are buried in total, 829~ 2 for barnase and 801A 2 for barstar. All these figures are within the usual ranges for protein complexes [23] . The chemical character of the accessible surface of the interface, however, is atypical. For an average protein, the proportions of nonpolar, polar and charged surface area are 55 %, 25 % and 20%, respectively [29] , and it has been shown that most recognition sites have chemical composi- Fig. 2 . Ribbon stereo representation of the structure of the barstar Cys40,82Ala mutant. The view is approximately perpendicular to the three main helices (blue) and the l-sheet (green). The positions of the two mutated residues are indicated. The picture was generated using the Molscript program [55] .
Y; Y2 c Table 2 . Barnase residues involved in contacts with barstar.
Barnase residues Barstar residues
Lys27
Trp38, Thr42 Ala37 Gly43
Asn33, Leu34, Asp35 Arg83
Tyr29, Asp39, Gly43, Trp44 Ash84 Tyr29 Ser85 Tyr29 Arg87 Asp39
His102 qfyr29, ~yr30, Gly31, Asn33, Ata36, Asp39
Gly31, Asn33 [55] .
tions fairly similar to this, except that the proportion of charged surface is usually somewhat lower [23] . In the barnase-barstar complex, however, the reverse is observed, with the proportions of non polar, polar and charged surface area being 44.5 %, 29 % and 26.5 %, respectively. More characteristic, all the charged surface of barstar at the interface is negatively charged (200~ 2) and 76% of that of bamase (175~ 2) is positively charged.
There are 14 hydrogen bonds and salt bridges between the ribonuclease and the inhibitor (Table 3) , some residues being involved in multiple interactions. In addition to direct hydrogen bonds, eight water molecules buried within the interface form hydrogen bond bridges between bamase and barstar. Of the 16 water molecules situated at the interface, seven are lo-calized in one cavity, corresponding to the guanine specific recognition site of bamase, and enclosed by residue Trp38 of barstar. Residues Trp44 and Tyr29 perform a similar role, severely restricting solvent access to the active site and thus delimiting the interface. At the interfaces of the two other complexes in the asymmetric unit, 11 water molecules are found in equivalent positions to some of those 16 described above and they are hydrogen bonded to the same residues. The deviation of their positions, after least squares pairwise superposition of the Cet atoms of the complexes, is < 1 g_. Of the 7 water molecules localized in the main cavity, 6 and 4 repectively are found at equivalent positions in the other two interfaces. 
Residues involved in binding
The contribution of each residue to the buried solvent accessible surface area is shown in Fig. 4 . Those con tributing more than 30g. 2 for bamase are: Lys27, Ala37, Set38, Arg59, Glu60, Phe82, Arg83, His102, Tyrl03 and Glnl04, with two out of three of the charged residues positive. For barstar they are: Tyr29, Gly31, Asn33, Leu34, Asp35, Trp38, Asp39, Thr42, Gly43 and Trp44, with both charged residues negative. Aromatic residues make a significant contribution though it is less substantial than that seen in antige~antibody complexes [23] .
In barstar, the most important contribution to the interface area comes from residues Asp35 (121 g.2), Tyr29 (101g. 2) and Asp39 (8452) (Fig. 4b ). These residues are involved in four hydrogen bonds and the negative charge of Asp39 is compensated by residues Arg83 and Arg87 in barnase. A series of mutations converting most of the charged amino acids of barstar to residues with the opposite charge revealed only two mutants, Asp35Lys and Asp39Lys, that yielded normal amounts of barstar antigen but had no barstar activity [18] . These experiments did not require the barstar produced to be functional, since the barstar mutants were expressed in a host that does not produce bar nase. Tyr29 mutants have not yet been studied, but this residue is expected to make an important contribution to the energy of binding. On binding to bamase, Tyr29 is displaced towards His102 of barnase, compared with the structure of the native uncomplexed barstar (A Lapthorn, V Guillet & Y Mauguen, unpublished data), thus freezing its conformation. It makes extensive hydrophobic contacts with several residues of bamase and forms a hydrogen bond to the carbonyl oxygen of Arg83 through its side chain hydroxyl group. The residues of bamase that make the largest contri butions to the buried solvent accessible surface area are Arg59 and His102, providing 164g. 2 and 115g. 2, re spectively (Fig. 4a ). His102 fbrms 3 hydrogen bonds to barstar through its N61, N82 and O atoms, and its entire side chain fits into a surface barstar pocket (Fig.  3 ) delineated by Tyr29, Tyr30, Asn33, Ala36 and Asp39. Arg59 is situated on the edge of the recognition site and is not totally buried in the complex; it forms one salt bridge with barstar Glu76, and hydrogen-bonds to the 082 of Asp35 with its N atom (Table 3) . Directed mutations of these two residues also showed reduced binding, suggesting that they are indeed essential. Of the 28 non-conse~-eative mutations produced, which cover the surface of barnase, only those at Hisl02 and Arg59 have a strong elt'ect on the binding of barstar. It is known that mutation of His102 to aspartate, glutamine or glycine, completely inactivates barnase [30] . However, in binding assays these bamase mutants corn pete well with wild type barnase for barstar; the dissociation constant is increased by four (Hisl02Asp or Hisl02Gln) or five (Hisl02Gly) orders of magnitude. Mutation of Arg59 to glutamate, alanine or lysine substantially reduces the growth and viability of the host bacterium and the stability of the plasmid vector, implying reduced protection by barstar from the lethal effects of bamase. It has been possible to prepare protein from the Arg59Lys and Arg59Ala mutants but not from the more drastically affected Arg59Glu mutant. The affinity of the Arg59Ma barnase mutant for barstar was similar to that of the Hisl02Gln mutant and, by titrating its activity with barstar, we were able to measure a dissociation constant of 2 x 10-10 M for the barstar Arg59Ala-bamase complex. We were able to deduce a value of ,-~ 10-13 M for the dissociation constant of the wild type complex from the results of competitive equilibria among the active barnases and the binding of the inactive Hisl02Gln mutant to barstar. These mutations have only a marginal effect on the thermal melting curve of barnase [18] .
Conformational changes
No major differences are observed between the three molecules of the complex in the asymmetric unit. Pairwise superposition of the Ca atoms of the three barnase molecules gives rms deviations in the range of 0.335 +0.016/~. The three bamase molecules in the complex exhibit no significant differences to those in the native barnase crystals [12] or in the complexed forms with d(GpC) [13] and YGMP [14] . The only major difference occurs at the amino terminus since the first two residues, Mal and Gln2, were not located in the barnase structures solved previously. Changes in side chain conformation include the Zl dihedral angle of His102 which moves 90 ° relative to the native struc ture in order to dock its side chain into the barstar pocket, and the side chain of Glu60, which takes a conformation different to that found in the bamase-3'GMP complex, where it binds to the nucleotide.
Pairwise superposition of the Ca atoms of the three molecules of barstar in the present complex yields rms deviations in the range 0.400 -4-0.077A, indicating that the overall polypeptide fold is essentially the same. Free wild type barstar molecules exhibit some conformational differences from the complexed ones (A Lapthom, V Guillet & Y Mauguen, unpublished data). In the complex, the loop connecting helices <z3 and cz4 is poorly defined in the electron density map, and the absence of any crystallographic contacts makes it very flexible. Rms deviations for Cot atoms of barstar residues Glu64, Asn65 or Gly66 in this loop can be as much as 2.7X. Small but significant differences (up to 1.7~) are also observed for the main chain conformation of the well defined residues 26-28, localized just before the recognition site.
There are some small differences in behaviour between the three barstar complexes within the asymmetric unit of the crystal. They are more important for barstar molecules and can be visualized by superimposing the three complex molecules by a least-squares fit of the Ca atoms of the barnase molecules. The result, shown in Fig. 5 , indicates some flexibility of the inhibitor. The structure of barstar helix cz2 is quite well conserved with respect to the three bamase molecules A, B and C, with its adjacent loops acting as a hinge. 
Discussion
Significance of the structure As described above, we encountered technical difficulties isolating crystals of the complex of barnase with wild type barstar that may have resulted from heterogenei W with respect to the state of the barstar cysteines [10] . We therefore used the double cysteine to alanine barstar mutant, originally prepared in order to provide a simpler molecule for protein folding studies.
The distance between the Cczs of Ala40 and Ala82 is 11.4/k, outside the normal range for a disulphide bridge (4.4A-6.8&) [27] . A local change in conformation of the loop around Ma82 associated with a small shift of the last helix could account for such a variation. The Cys40,82Ala mutant is fully functional, not only inhibiting bamase in vitro, but also protecting its host from the lethal effects of bamase expression. Competition experiments, such as those referred to above, have shown that these mutations increase the dissociation constant of the complex by less than an order of magnitude. Thermal melting of the mutant (in 3 M urea) is virtually identical to that of the wild type in tl~e pies ence of a reducing agent such as [£mercaptoethanol (Tm = 50°C). In the absence of reducing agent the Tm of the wild type is about 8°C higher. Therefore, one can expect that the structure described here is representative of the wiid type barnase-barstar complex.
How good is barstar at mimicking a nucleotide?
The interactions of enzymes with inhibitory proteins play an important role in biological processes by regulating or blocking enzymatic activity as necessary.
The only three-dimensional structures at atomic level Barnase-barstar complex crystal structure Guillet et al, 171
known for this type of complex are those between proteinases and their protein inhibitors. The characteristic structural properties of the recognition sites in these complexes have recently been reviewed by Bode and Huber [31] . All protein inhibitors of proteinases prevent access of substrates to the catalytic site of the proteinase through steric hindrance. Two classes of inhibitors have been defined; in the first class, a peptide loop of the inhibitor binds to the catalytic site mimicking either the substrate or the product. The selectivity of inhibition is determined by the substrate recognition site of the enzyme. In the second class, the inhibitor binds mainly to surface sites adjacent to the catalytic residues of the cognate proteinase, utilizing substratebinding and other sites. Since barstar is not a natural substrate of ribonucleases, it cannot use the first option and its mode of inhibition of barnase is therefore similar to that of the second class of proteinase inhibitors. It can be analyzed by comparing the conformation of active site residues of barnase when complexed either with a nucleotide or with barstar. Fig. 6a shows the complex of bamase with 3'GMP [14] with important active site residues indicated. Glu73 and His102, which serve as general acid base catalysts, are hydrogen bonded to the 2'0 of the nucleoside and to one oxygen of the phosphate, respectively, in agreement with the classical mechanism of nucleotide hydrolysis. The two other oxygens of the phosphate group form salt bridges with the side chains of Arg83 and Arg87. The N¢ atom of Lys27, which is thought to stabilize the substrate phosphate group in the transition state [5] , is also in close proximity to the phosphate moiety. Barnase, like most of the microbial ribonucleases, exhibits some specificity for guanyl residues in RNA. The specificity of the base recognition is ensured by a hydrogen bond network between the guanine base and a part of the bamase polypeptide chain, residues 56~50, and the side chain of Glu60. The flexible side chain of Arg59, although not in direct contact with the nucleotide, is also shown. This residue has been shown by mutagenesis to be important for catalysis and binding of the substrate [32] . On the basis of molecular modelling studies [33] , it has been proposed that in solution Arg59 stacks against the guanine base, and forms a salt bridge with the phosphate group of the nucleotide immediately upstream (5') in the nucleotide chain. Fig. 6b shows a similar view of the active site of barnase in its complex with barstar. Residues Asp35, Asp39 and Tyr29 of barstar are shown with a number of well-defined water molecules buried at the interface. The carboxytate group of Asp39 takes the place of the phosphate, forming salt bridges with Arg83 and Arg87. There are no significant shifts of the side chains in the catalytic site, with the exception of His102 which is displaced by about 1~. The Ns2 atom of His102 is hydrogen bonded to the O81 of Asp39. A water molecule, present in the three complex molecules, forms a bridge between Lys27 N¢ and 082 of Asp39.
On the whole, the hydrogen bond and salt bridge networks of the phosphate-binding site are well conserved in the barnase-barstar complex, with a carboxylate group from barstar substituting for the phosphate. The catalytic residue,.Glu73, is hydrogen bonded to a water molecule, instead of the 2'0 of the nucleoside. The situation is quite different in the recognition site. There is no comparable barstar residue occupying the place of the nucleotide base. The side chain of Asp35 is situated at the extremity of the space occupied by the base, and is hydrogen bonded to the amide nitrogen of Arg59. Noticeably, a network of structured and totally buried water molecules is situated in the recognition site and this makes use of some of the hydrogen bond donors and acceptors involved in the recognition of the guanine base. The main chain of the recognition loop, between residues 56 and 60 is slightly displaced from its position in the bamase-3'GMP complex, with a maximum shift of about 2 X for the main chain atoms of Arg59. The side chain of Glu60, important for specificity of the base recognition, is expelled from the recognition site, adopting a conformation that allows a hydrogen bond to Leu34 of barstar, thus stabilizing the dipole moment of barstar helix a2. The end of the Arg59 side chain also adopts a different conformation that allows it to form a salt bridge with Glu76 of barstar. This analysis shows that barstar inhibits bamase ac tivity by sterically blocking access of the substrate to the active site, but it does not completely mimic the natural substrate. Instead, it fills the phosphate-binding site with a carboxylate group and uses other subsidiary sites not directly involved in catalysis. In the region of the complex interface around Asp39, the amino acid residues of each component are densely packed with an essentially complementary contact surface between barnase and barstar. However, the active site is not fully occupied. The spaces left between the inhibitor and the ribonuclease are filled with localized water molecules allowing some flexibility at the interface between the two proteins. The tight binding between barnase and barstar suggests that these water molecules are already present in the unliganded molecules in order to minimize the entropic penalty of burying water molecules in the interface. Some of them are indeed observed in the native bamase crystal form. A precise evaluation of their contribution to the stability of the complex will require high resolution structure determination for both liganded and unliganded molecules. A major contribution to the low value of the .dissociation constant of the barnase-barstar complex (,-~10-14M) comes from the electrostatic interactions between the negatively charged carboxylate of Asp39 and the positively charged side chains of the active site, mimicking those of bamase with its natural substrate. These interactions are strong and relatively insensitive to deviation from ideal geometry. It has been shown [17] that these kinds of interactions may be of the order of 2 kcal mol-1. The large number of interactions between Asp39 and barnase demonstrate the importance of this residue Glu 60A
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for the stability of the complex and its initial formation. Asp35, the second residue of barstar implicated in the recognition site from mutagenesis experiments, makes fewer specific contacts (hydrogen bonds or salt bridges) with bamase; the fact that the single mutant Asp35Lys has no detectable activity could be related to unfavourable interactions with bamase Arg59 and steric clash with neighbouring residues. We would expect that more conservative mutations of Asp35 would have less drastic effects.
Similarities with other ribonuclease inhibitors
Ribonucleases of bacterial and fungal origins have been shown to share considerable structural and se quence homology [1] . One might therefore expect to find inhibitors, homologous to barstar, for these other enzymes. Mthough this cannot be ruled out, the only enzyme for which such an inhibitor has been found is binase, the RNase produced by Bacillus intermedius. It and Asp39 (labelled in brown). Atom colours as follows: carbon, black; nitrogen, purple; oxygen, red; phosphorous, magenta. The pictures were generated using the Molscript program [55] .
is highly homologous with barnase, with 84 % identity at the amino acid sequence level and their three-dimensional structures are almost identical for the polypeptide backbone [34] . The inhibitor is called binstar; barstar is also a fully active inhibitor of binase. The residues of barnase situated at the interface with barstar in the complex are all conserved in binase, with the exceptions of Set85 and Glnl04, which are only involved in van der Waals contacts, and have been substituted with alanines in binase. This high degree of conservation suggests that the structures of binstar and barstar could be very similar as could their complexes with their respective enzymes. Some bactericidal proteins, like colicin E3 from E. coli and cloacin DF]3 from Enterobacter cloacae, consti tute a group of proteins sharing some common char acteristics with microbial RNases. Mthough these toxins kill their target ceils by specifically cleaving the 16S ribosomal RNA near its 3' terminus, thus blocking pro-rein synthesis, they behave as typical RNases when presented with protein-free RNA. The nucleolytic activity of colicins is localized to the carboxy-terminal domain, whose sequence has been shown to be distantly related to that of fungal RNases [35] . Colicins are synthesized together with specific inhibitors, called immunity proteins, with which they form equimolar non-covalent complexes. Colicinogenic bacteria are thus protected against the damaging effects of their own toxins. It has been assumed that specific electrostatic interactions between the acidic immunity proteins and the basic nuclease domain play a key role in this immunity system. Moreover, the colicin nuclease domains and immunity proteins are small polypeptides which, like barnase and barstar, comprise ~ 100 amino acids, and have the same respective charges. Despite these similarities, which would suggest some common ances try for the two systems, there are several reasons why there is unlikely to be any structural homology between them. First, on the basis of limited sequence similarity within the catalytic parts of the molecules, there is only a tenuous relationship between the RNase domains of colicins and microbial RNases. Second, there is no significant sequence similarity between barstar and immu nity proteins. And lastly, secondary structure prediction methods applied to colicin E3 immunity proteins pre dicta high proportion of [~-sheet [35] , while barstar is predominantly a-helical.
The well known animal RNase superfamily and microbial RNases have different structures in spite of the fact that they both catal~e the hydrolysis of single-stranded RNA by the same mechanism [36] . One much studied member of this family is pancreatic RNase A, whose catalytic residues Lys41, His12 and His119, are fully conserved in all pancreatic RNases, and are equivalent to residues Arg87, Glu73 and His102 of barnase. New members of this family, with specific biological actions or physiological roles have been reported and reviewed by D'Messio [37] and Benner [38] . kalnong them, an giogenin, which is highly homologous to RNase A, is of particular importance owing to its role in anglogenesis and implications for the growth of solid tumors and blood vessel related diseases. Inhibitors of RNases have long been known in animal cells, human placental RNase inhibitor (PRI) being the best charac terized. PRI binds tightly to bovine pancreatic RNase A forming a 1:1 complex with a K i of 4.4 x 10-14M, which is similar to that of the bamase-barstar complex. It is an even more potent inhibitor of anglo genin, with a K i of 7.1 x 10-16M [39] . A number of studies have been dedicated to the characterization of the contact region between RNase A or angiogenin and PRI [4(>42] . By altering the NaC1 concentration from 0.1 M to 1 M the apparent association rate con stant of PRI with these enzymes could be decreased by several orders of magnitude [43] demonstrating the importance of electrostatic interactions. Modifications of the catalytic residues of angiogenin, equivalent to those of RNase A [42, 44] (substitution of a glutamine for the aciive site Lys40, and carboxymethylation of His13 and His114), have shown that these residues are in the contact region between PRI and angiogenin. These results are quite similar to those obtained on the barnase~barstar system by modification of ionic strength and site-directed mutagenesis [18, 19] . They are consistent with our structure of the bamase-barstar complex. This parallelism of behaviour allows us to suggest that the mode of inhibition of animal RNases by PR1 is analogous to that of bamase by barstar. The primary target of the inhibitor is probably the phosphatebinding site of the enzymes. Secondary contacts involv ing residues in other parts or at the periphery of the active site of the enzymes should be less specific and less important for tightness of binding. This would allow flexibility in binding, and would therefore explain why PRI is such a good inhibitor of both RNase A and angiogenin.
Biological implications
A number of proteins produced by an organism are potentially lethal if they adopt an active conformation intracellularly. In the case of the microbial ribonucleases there are at least two cases where this problem has been solved using a specific protein inhibitor against the active enzyme.
Here we report the first structure of a complex between such an enzyme-inhibitor pair, that between the ribonuclease barnase and its natural inhibitor barstar. Barstar mimics the RNA substrate at the phosphate binding site of barnase, occupying it with the side chain of an aspartate residue, but does not completely fill the recognition site where a base from RNA would bind. All of the charges in the buried surface of barstar are negatively charged, complementing positive charges found on the barnase surface. However, the fit between the active site of barnase and barstar is not perfect, with a significant number of ordered water molecules trapped in the area between the two surfaces. As enzyme active sites are often situated in depressions or clefts on the surface of the enzyme, it is likely that this will be a frequent finding in such complexes, although it has seldom been observed so far.
There are several known mammalian ribonuclease inhibitors, some with potential therapeutic significance (for example, angiogenin inhibitors). Since the phosphate-binding site of the ribonuclease is the crucial anchor point for recognition in this complex, it is likely that design of such inhibitors should centre on the phosphate-binding site of the enzyme. Barnase is being widely used for studies on protein folding and stability, and barstar is equally suitable for such studies, The structure of the barnase-barstar complex provides a basis for the analysis of the important elements in the recognition between the two molecules. The fact that this complex is relatively small, and both of the components relatively stable, makes this system an excellent one to ask how the energy of a particular interaction is modified by the environment of a protein-protein interface, using protein engineering combined with NMR solution studies for kinetic and structural analysis. Such studies should improve our understanding of the structural changes that occur during complex formation.
Materials and methods
Protein preparation
Plasmids directing production both of wild type barnase and barstar proteins and mutants thereof, including the double barstar mutant Cys40,82 Ala, have been described [11, 18] . Barnase was expressed in E. coli strain JM106 containing plasmid pMT416. Bamase was purified by a modification of the proce dure reported for its production from Bacillus arnyloliquefaciens [45] . After centrifugation of the culture medium and dilution of the supematant, bamase was allowed to adsorb on phos phocellulose (Pll) at pH5. The adsorbent was washed with 0.02 M acetate buffer pH 5, and eluted with 2 M ammonium ac etate pH 8. Bamase was dialyzed against low salt buffer (0.02 M, pH 5), applied to a column of SP Trisacryt and eluted with mnmonium acetate and pH gradients (0.1 M, pH 5 --0.5 M, pH 8).
Barstar was expressed in E. c6li strain HB101 containing the plasmids pMT316 and pMT643 for barstar and its Cys40,82Ala mutant, respectively [11] . For production of barstar, a 500ml starter culture of E. coli containing the wild type or mutant plasmid was grown overnight on the stone medium as barnase. This culture was used to inoculate 101 of superbroth medium containing ampicillin (5 mg/1). Cells were grown in a fermenter at 37°C with vigorous aeration until they reached an OD600 of 15 units. Cells were harvested by centrifugation, extracted with acetone and the dried pellet suspended in standard buffer (0.2 M ammonium acetate, 1 mM EDTA, 2 mM J3-mercaptoethanol, pH8). Fractions precipitated by 40-80% saturated ammonium sulfate were resuspended in standard buffer mad loaded on a DEAE Trisacryl (IBF) column. After extensive washing with standard buffer, bound barstar-was eluted from the column by a 0.2 M to 0.8 M ammonium acetate gradient. The active fractions were equilibrated against standard buffer and, after concentration by vacuum dialysis, fi_lrther purified by gel fil tration on an Ultrogel AcA44 column (LKB). Homogeneity of the protein preparations was checked by Coomassie blue stained SDS/PAGE, and isoelectric focusing.
Crystallization and X-ray data collection
Crystallization trials were conducted using the hanging drop vapor diffusion method at room temperature (20°-22°C) in Linbro plastic tissue culture plates (Flow Laboratories) and ACA vapor diffusion plates. A large number of conditions were screened varying the.nature of the precipitant, protein concentration, pH and temperature. For those conditions that gave crystals, both inclusion of additives (dimethylsulphoxide (DMSO), acetone, MPD (2~Methylpentan-2,4-diol), dioxane, ethanol...) and microseeding were tried in an attempt to improve crystal quality. Crystals of the complex of bamase with native barstar were obtained using PEG8000 and DMSO as precipitant and additive, respectively, but they grew as aggregates. After microseed ing, some crystals were of sufficient quality to permit preliminary crystallographic studies but no data collection was pos sible. With the complex of barnase with the barstar double mutant Cys40,82Ala, rnonocrystals were obtained from 50 mM phosphate buffer, pH 7-8 with PEG8000 25-30 %. Although crystals were only 100 I-tm thick, they diffracted strongly and were relatively insensitive to radiation damage.
Characterization of the crystal form obtained for the native and double mutant complex has been done by X-ray precession photographs on the beam line D43 at the Iaboratoire pour l'Utilisation du Rayonnement Electromagnetique (LURE), Orsay, France, using a wavelength of 1.43g, and crystal to film distance of 100mm. Diffraction data were collected on a single crystal of the double mutant complex, on the wiggler line W32 [46] at LURE (Universite Paris Sud, ORSAY) using the image plate system built by J Hendrix and A Lentfer (EMBL, Outstation at Hamburg). 
Structure determination
The structure of the complex was solved by the method of molecular replacement using the AMoRe suite of programs de veloped by Navaza [47, 48] . The known barnase structure was used as a search model and 1, 2 and 3 body translation func tions were successively calculated to locate the three bamase molecules in the asymmetric unit. The position of the third molecule, corresponding to the fourth peak of the rotation function, was not found before the 3-bodies translation function. Rigid body refinement [49] of the three molecules led to an R factor of 47 % at 3 ~-, with 55 % of the protein atoms of the structure. A 3F o 2F c map calculated at this stage, and averaged with re spect to the non-crystallographic symmetry was uninterpretable for the barstar moiety, although fragments of the polypeptide chain were visible. It was possible, however, to estimate the limits of the complex molecule, which could then be enclosed in the largest part of a sphere truncated by a non equatorial plane. The erwelope of the complex was taken as a sphere of 26X radius truncated by a plane at 9~ from the centre, which was defined manually o n t h e graphic system. The volume of the envelope was slightl~¢ larger than that of the molecule. Phase re finement with non crystallographic symmetry averaging was per formed using the programs developed by Bricogne [50] . Two rounds of six cycles were performed, with the same envelope. Residues 15 55 of barstar were built with the program FRODO [51] in the averaged electronic density after the first round, and the transformation matrices between the three molecules updated after conventional restrained least-square refinement. After the second round, the resulting electronic density at 2.8~ was of sufficient quality to allow building of a model of barstar with all the main chain atoms and 70 % of the side-chain atoms.
Refinement and validation of the model
The molecular model was refined and completed by alternate cycles of positional refinement by simulated annealing or con jugate gradient minimization, restrained individual B-factors re finements, and difference Fourier map calculations. Refinement was performed with the program X-PLOR [25] . The final R-factor for all measured data between 8.0X and 2.62~ resolution is 17 % (21 302 reflections) and 16.5 % for those with F > 2o(F) (20 521 reflections). The average B-factor for all protein atoms is 19.9 A 2. A summary of the refinement statistics is given in Table 4 .
The stereochemistry of the model has been examined with the program PROCHEK [52] . On the Ramachandran plot, 85.5 % of the residues are in the most favoured regions (A,B,L). Only one non glycine residue, Glu64 of barstar molecule G, poorly defined in the electron density, is outside permitted regions. The nine other parameters evaluated by PROCHEK are within the bounds established fl'om well refined structures at equivalent resolution, or on the better side of these regions.
Calculation of the free R-factor [53] was performed with data between 8.0X and 2.6A (with a 2cr cutoff on F) after comple tion of the model refinement, As suggested in that situation, the model was subjected to a further round of simulated annealing and B factor refinement, against a 90 % subset of the data se iected at random. The resulting free R-factor, evaluated against the remaining 10 % of the data, was 25.4 %, 8.9 % higher than the conventional R-factor for the whole set of reflections. This difference is slightly lower than that obtained using the standard protocol [53] . The variations of R and R free with resolution are given in Table 5 . A 2 F o F c simulated annealing omit map [54] showing a part of the barnase-barstar interface is presented in Fig. 7a (the omitted region was an 8X sphere around Tyr30 ot barstar molecule E, a part of the chain which bad been modified during the refinement). The water molecules localized in the main cavity at the interface are shown in a classical unweighted 2F o F c map in Fig. 7b .
Atomic coordinates for the barnase~barstar complex have been deposited in the Brookhaven protein data bank.
